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Abstract 
This paper describes the development of an inexpensive, highly portable photogrammetry technique for measuring the position 
and form of large mirror segments for solar collectors. The accuracy of the technique has been validated using a large Coordinate 
Measuring Machine (CMM) with results showing a measurement capability of better than 100 μm. The surface form and 
resulting slope errors of the parabolic troughs have been measured and the impact of the mirror support system determined. This 
paper contains the results of photogrammetry and CMM comparison with details of the measurements, their analysis and further 
related experimental results obtained using both measurement techniques. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Photogrammetry is one of the optical methods employed to measure the form of parabolic trough collectors used 
in CSP power plants [1-3]. The accuracy of these measurements has been compared to other widely used techniques, 
such as deflectometry. However, less work has been performed on as-made parabolic collectors to calibrate in-field 
measurements of form accuracy with measurements made in the laboratory that are traceable back to national and 
international standards.  Such traceable measurements are possible using a Leitz PMM-F CMM. Such systems are  
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used for the high precision measurement of large telescope mirrors.  The shape of PT collectors is crucial to the 
performance of the solar field; if the collector has poor shape the focus will not match the receiver tube and there 
will be a significant loss in power output.  The collectors are subject to many external factors during their lifetime 
such as wind loading, thermal cycling and gravity effects as the mirror rotates to track the Sun through the day.  All 
these factors will distort the mirror and affect the focus, so it is important that the influence of these factors is 
known.  The first step in determining this is the traceable validation of a measurement technique suitable to be used 
in-field and the measurement of the as-made collector panel. This paper details the development and validation of 
photogrammetry and its measurement of a parabolic trough segment. 
2. Measurement techniques 
2.1. Coordinate Measurement Machine (CMM) 
A Leitz PMM-F CMM (see Fig. 1) was used, which can accommodate optical reflectors of up to 3m x 2m x 1m.  
It comprises a moving gantry in an overhead design with a massive U-frame completely made of granite, a ceramic 
Z-ram, dual ball spindle drives and dual scales in X. The probe system is a Leitz LSP-S2. The measurement 
accuracy is defined as: 
Accuracy = 1.9 + L/400 μm, where L is the measurement length in millimetres. 
Therefore, for a dimension of 1m, an accuracy of better than 5μm is achievable, with a repeatability at the sub-
micron level. 
  
Fig. 1. Cranfield PEI CMM for measurements of large optics. 
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2.2. Photogrammetry 
Cranfield University has developed a photogrammetry technique for the measurement of CSP collectors, using a 
Canon EOS 18MPix DSLR camera with PhotoModeler software plus in-house written visual display code and 
surface mapping algorithms. An example of a large A1 size calibration grid is shown in Fig. 2. 
The precision is equivalent to less than 1/5 pixel RMS ≈ 1:20,000 with an 18MPix image, which translates to ≈ 
50 μm over a 1m object. 
3. Measurement and Comparison 
3.1. Photogrammetry and CMM measurement correlation 
A set of white ceramic spheres were fixed to the granite bed of the CMM. This granite structure provides a highly 
stiff and thermally stable support and is located within a temperature controlled laboratory to within ±1°C.  The 
spheres produced a measurement area equivalent to approximately a quarter of a PT segment.  By using these 
spheres rather than flat circular targets it is possible to perform measurements on the same spatial points, those of 
the centres of the spheres.  The positions obtained by CMM and photogrammetry measurements can then be directly 
compared providing a point to point uncertainty traceable through the CMM. The grid used can be seen in Fig. 3. 
A set of 16 exposures from 8 positions, two roll angles at each, were taken and the images analysed using the 
PhotoModeler 2012 software.  The coordinate system of the resulting point cloud was scaled and aligned to that of 
the CMM by the input of three of the target point positions as measured using the CMM. The accuracy of these 
points was then discarded when calculating the overall RMS accuracy of the photogrammetry measurement.  
Fig. 2. Photogrammetry of a calibration grid 
Fig. 3. Ceramic Sphere Grid 
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Following the optimization of the camera settings the points measured by the two techniques correlated to 40.8 
microns RMS over the 800mm square grid, with a repeatability of 0.3 microns over successive sets of exposures. 
3.2. Mirror segment assessment 
A 1.6m x 1.2m segment of parabolic trough was placed onto the CMM where it was covered with removable 
high-contrast printed targets of 0.1mm thickness as shown in Fig. 4. There are over 600 such targets per mirror in a 
grid with spacing of approximately 35mm. Each target has a unique coded ring surrounding a central circle to 
identify each point within the software. The previously established optimal camera settings and procedure were used 
for the mirror tests to increase the confidence in the measurement.  
The 16 exposures were taken and using PhotoModeler a point cloud was generated. This point cloud was 
analysed using MatLab and the surface compared to the ideal parabolic equation with the result shown in Fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The residual error map seen in Fig. 5 has an RMS departure from design of 0.44mm with a peak-valley value 
of 1.4mm. There is a clear top to bottom error profile corresponding to the curved direction. This is due to the  
Fig. 4. Mirror segment under test 
Fig. 5. Departure from ideal parabolic shape Fig. 6. Error map – focal length removed 
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departure from the 1810mm focal length of 34mm. Removing the focal error reveals smaller scale variations  as 
can be seen in Fig. 6. An overlay of the supporting structure has been superimposed onto the image to show that 
these variations are a result of the reinforcing rib structure.  As well as the four main areas there are also distortions 
visible following the radial spokes from each support point. 
3.3. Comparison with CMM measurements 
With the mirror unmoved on the CMM, measurements were done using the CMM itself for comparison. As the 
CMM has a much higher accuracy than photogrammetry, differences between surface maps of the two techniques 
would be caused by photogrammetry. This provides a good accuracy estimate of the photogrammetry procedure. A 
set of 500 points were taken with the CMM with accuracies of better than 10μm per point and repeatability better 
than 1μm. In addition to the mirror surface itself, a set of three spheres were also included in both photogrammetry 
and CMM measurements to provide identical points to align both coordinate systems. Once the coordinate systems 
were aligned, two surfaces were generated and the difference is shown in Fig. 7. 
 
There are a number of high error points visible, caused by bubbles in the photogrammetry target sheets. This will 
act to distort the position measured using photogrammetry and there will also be a small compression of the bubble 
as the CMM probes the point, before there is enough resistance force from the paper to trigger the probe. The 
correlation has some directionality in the curved Y direction, with better agreement towards the top. The sphere 
positions are at the top corners and the bottom right corner. This may explain why there is better agreement towards 
the top as these points are closer to the coordinate system origin. Any errors in aligning the coordinate systems will 
increase further from the sphere points. The RMS error is 76μm which is 20 times lower than the 1.4mm P-V error 
values seen in the error maps from the ideal parabolic shape. This shows that photogrammetry is a suitable 
technique for such measurements. 
A number of measurements were done using photogrammetry to investigate the repeatability of the procedure. 
The resulting standard deviation map can be seen in Fig. 8. 
Fig. 7. CMM / photogrammetry comparison 
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This shows a good repeatability towards the centre of the mirror, which is due to those points being closer to the 
centre of each image. This increases the reliability of the points as they are closer to the optical axis and will suffer 
from less radial lens distortion and are also closer to the focal length of the camera. Overall there is a 55μm RMS 
repeatability when aligning the coordinate systems using the spheres. 
As the points are common between photogrammetry repeats it is also possible to remove these spheres and align 
each point cloud to minimize the error. By doing this it is possible to see the actual repeatability on a per point basis 
removing errors caused by the three sphere points. The result of this can be seen in Fig. 9. 
The repeatability has improved to less than 10μm indicating that most of the 55μm value seen before was due to 
incorrect alignment of the coordinate systems and therefore some inconsistency in determining the sphere positions. 
This is likely affected by their positioning towards the outside of the mirror and thus away from the optical axis as 
discussed.  
3.4. Slope measurements 
Using the surface maps it is possible to calculate the surface slope in the curved direction and the associated 
slope error over the mirror. This is done by interpolation between neighbouring points and the result of this process 
applied to Fig. 5 can be seen in Fig. 10. 
  
Fig. 8. Photogrammetry repeatability. Fig. 9. Photogrammetry repeatability with alignment. 
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The RMS slope error across all points is 2.3 mradians, with a noticable change in the curved direction due to the 
focal length difference.  The value of the slope error is consistent with some of the smaller values found by other 
authors [3-6], indicating that this type of panel construction is well suited for use in parabolic troughs.  It should be 
noted however, that these measurements were done with the mirror panel placed horizontally on a stable test bed 
within a temperature and humidity controlled laboratory.  Position and slope errors will also be caused by structural 
and thermal effects once the mirrors are installed and these will be measured at a later date. This slope does not take 
into account any installation errors in pointing of the mirror and would assume a perfect installation. 
4. Conclusions 
This paper describes the development of a Photogrammetry capability at Cranfield University, and its use in 
parallel with a large, micron-level accuracy CMM to assess the form of parabolic trough CSP collectors. The two 
measurement techniques are compared, with a view to using the CMM as a calibration tool for the Photogrammetry 
of Ronda High Tech collectors in field deployment. Photogrammetry has been validated against traceable 
measurements done with a CMM to a correlation of 76μm with a 9μm repeatability in the z-direction. These 
measurements have provided slope error values for the whole mirror with an RMS slope error of 2.3 mradians. This 
value is close to those found by other authors and therefore shows the thin glass mirror has an equal performance to 
the thick glass mirrors currently used. Further work is to be done outside the lab to investigate these performance 
values on installed systems. 
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Fig. 10. Slope error map 
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